The kinetics of elongation of individual internodes of maize stems were studied under ®eld conditions. Thermal time courses of internode length were recorded using non-destructive methods, based on direct measurement of X-ray photographs or on indirect estimates using heights of leaf collars. These data were complemented by serial dissections of maize stems, and by precise observation of the process of sheath emergence, to specify its role in the kinetics of internode elongation. The kinetics of elongation were found to be composed of four phases. The rate of elongation rises exponentially during phase I, and then increases sharply during a short period ( phase II), which is followed by a major period of constant growth rate ( phase III) and a shorter period in which the rate declines ( phase IV). During phase I, elongation appears to be integrated at the level of the whole apical cone. From phase II onwards, elongation becomes determined at the level of the phytomer. The emergence of the sheath attached to the internode appears to be a possible trigger for the transition between phase I and phase II, and it may also be involved in variation in ®nal length among phytomers.
INTRODUCTION
Plant stems play a major role in determining the vertical distribution of leaf area. They act as sinks for assimilates and nutrients, and their growth and extension may compete with that of leaves, but they may also serve as reserves for grain ®lling. Thus, stem growth and extension determine, to a large extent, the ability of plants to compete for light, as well as the relationships between vegetative and reproductive growth. Stem dimensions are also closely related to resistance to lodging, which can be an important factor in determining yield. For these reasons, manipulating plant height, through selection or the use of growth regulators, is of economic importance. Despite this importance, little attention has been paid to the understanding and modelling of stem elongation. Crop models use semi-empirical approaches, drawing on the fact that much of what is known relates to elongation of the whole stem, and the correlation of this elongation with reproductive development. In most cases, a sigmoõÈ dal model is used to calculate plant height, coupled with an empirical modelling of the vertical leaf area distribution (Spitters and Aerts, 1983; Hodges and Evans, 1990; Kiniry et al., 1992; Krop and van Laar, 1993) . Empirical relations used in 3D architectural models can be used to predict the dynamics of individual leaf positions, but do not take into account the eects of regulation by environmental variables (Goel et al., 1990; Diaz-Ambrona et al., 1998; EspanÄ a et al., 1998; Kaitaniemi et al., 1999) . McMaster et al. (1991) , Grant and Hesketh (1992) , and Andrieu (1998, 1999) have combined ecophysiological models of the extension of individual organs to give more deterministic models of the vertical distribution of leaf area, but they used partlyspeculative relationships that cannot be used to simulate accurately the patterns of internode elongation. This study aims to de®ne the guidelines for a mechanistic model of the dynamics of elongation of individual internodes in maize.
In maize, the embryonic stem consists of a meristematic cone bearing ®ve to seven leaf primordia, showing no dierentiation of distinct internodes (Martin, 1988) . The ®rst internode forms below the coleoptile and elongates rapidly, leading to plant emergence. It has been shown that cessation of coleoptile internode extension is triggered by a light signal at emergence (Kiesselbach, 1949; Parvez et al., 1998) . Higher internodes originate from intercalary meristems that appear in the lower half of the discs of insertion of the primordia (Sharman, 1942) . According to Martin (1988) , intercalary growth occurs only after the transition of the apex to the reproductive phase. Before this transition, the whole stem (apical cone) elongates as a single entity, and at a very slow rate (Kiesselbach, 1949; Siemer et al., 1969) . After tassel initiation, the stem elongates at a slightly higher rate (Siemer et al., 1969) and from ear initiation onwards, it elongates rapidly, up to anthesis and silking (Siemer et al., 1969) . Robertson (1994) found that, during the period of rapid elongation, plant height, de®ned as the height of the highest exposed collar above the soil surface (see Figs 1 and 2), was linearly related to the phyllochron, and the elongation rate, expressed in phyllochronic units, was the same for six out of the seven genotypes tested. Sachs (1965) , Martin (1988) and Morrison et al. (1994) identi®ed four phases during the elongation of an individual internode, based on the spatial distribution of the component cell lengths and/or of the segmental elongation rates within the internode. In the ®rst phase, the distribution of cell lengths was unchanged over the entire internode. Division occurred at a constant cell size, and this stationary regime' resulted in an exponential rate of elongation which was homogeneous over the internode. In the second phase, a gradient of cell length developed at the distal end of the internode, and there was an increase in the rate of internode elongation. Thirdly, the most distal cells matured, so that the region with a gradient of cell lengths moved downwards, whereas the region of nonelongated cells, at the base of the internode, remained constant in length. This is a new`stationary regime' of linear internode elongation, in which the production of new cells compensates for the maturation of older cells. In the fourth phase, the region of non-elongated cells at the base of the internode decreased in length, resulting ®nally in the cessation of elongation.
The generalized grass shoot consists of a superposition of elementary units, the phytomers, each consisting of a leaf (sheath and blade), the internode below it, and the node and the axillary branch at the base of the internode. In most grasses, the lower internodes remain short. In maize, internode cell elongation occurs only after reproductive development has started (Siemer et al., 1969) , and the lower internodes may remain short because they have already lost their ability to elongate by the time that reproductive development begins. A correlation between the start of reproductive development and the onset of internode cell elongation has been observed for several, but not all, grass species (Kirby and Faris, 1970) , and a thorough discussion of this point is beyond the scope of this paper. Observations on a variety of grass species, such as maize (Sharman, 1942; Hesketh et al., 1988; Robertson, 1994) , sorghum (Lafarge, 1998) , wheat and barley (Gallagher, 1979; Kirby et al., 1994) , have shown that, for those internodes that elongate signi®cantly, the start of fast elongation is synchronized with the end of elongation of the sheath of the same phytomer. Sharman (1942) mentioned that the end of maize sheath elongation occurs shortly after the sheath has emerged from the whorl. This view is supported by data presented by Hesketh et al. (1988) , showing that a maize sheath has completed about 95 % of its elongation at ligule appearance. Symmetrically, the end of maize internode elongation is synchronized with the beginning of the elongation of the secondary roots at the basal node (Sharman, 1942; Sachs, 1965; Jordan, 1987) . Apart from such coordination within the phytomer, little is known about the mechanisms determining the duration of each of the phases of elongation and the ®nal length of the internodes. Morrison et al. (1994) discussed a possible coordination between the start of elongation at node n and the end of elongation at node n-4 in maize. This might be interpreted in terms of the hypothesis of Grant and Hesketh (1992) that the plant is able to support only a limited number of growing internodes. Robertson (1994) measured mean growth rates for individual internodes which varied between 2 and 5 cm per phyllochron; Morrison et al. (1994) showed that segmental elongation rates varied with phytomer number during the phase of fast internode elongation; and Robertson (1994) found that the elongation rate for the whole stem was much more constant, suggesting that compensation occurred between the number of elongating internodes and their individual rate of extension. However, the amount of experimental data is too limited to support ®rm conclusions.
This work aims to specify the kinetics of elongation of individual internodes in maize. Particular attention is given (1) to the progress of the elongation rate during the course of internode extension; (2) to the relationships with phytomer development, especially with the emergence and the end of elongation of the sheaths; and (3) to quanti®-cation, and variation in the elongation parameters between phytomers.
MATERIALS AND METHODS
Three experiments were conducted under ®eld conditions. In expt 1, internode elongation was monitored nondestructively to establish the time course of internode length. As most elongation occurs while the internode is hidden inside the sheath of the preceding leaf, X-ray photography was used in expt 1A. Because this method is very time-consuming, the total elongation process was only monitored for phytomers 10 to 12. A faster method, based on the displacements of leaf collars was used in expt 1B to analyse the elongation of a wider range of phytomers. However, it was only possible to monitor elongation by this method after an internode was approx. 2 cm long. In expt 2, destructive sampling was performed to obtain data on the ®rst phases of elongation. In expt 3, the detailed timing of sheath emergence was measured to specify the relationships between the times of phase changes, the end of sheath elongation and sheath emergence.
Cultivation details and experimental design
Experiments were performed over 3 years (1996±1999) using the same cultivar (Zea mays L. F1`DeÂ a'), in the same ®eld at the INRA Unit of Bioclimatology, Grignon, France (41851 H N). Agronomic conditions were the same in all experiments, except that irrigation was not required in expt 3. Maize seed was sown in a silt loam soil on 2 May 1996 (expt 1A,B), 30 Apr. 1997 (expt 2) and 29 Apr. 1999 (expt 3). Row orientation was E±W, row spacing was 80 cm, and plant population density was ten plants m À2 . Nitrogen fertilizer was applied to give non-limiting conditions (140 kg N ha À1 ). Irrigation was applied regularly to a four-row wide band including the experimental plots, to prevent water stress. There were no leaf diseases, and weeds were controlled by hand.
In expt 1A, at the emergence of leaf 6, a plot, 1 m long and two rows wide, was delimited within the irrigated area and ten uniform plants were identi®ed by an ink mark on leaf 5. No further treatment was applied until measurements commenced. At the beginning of the X-ray measurement period, two rows of plants adjacent to the plot were removed to make room for the equipment. Photographs of the ten marked plants were taken every 1 to 2 d, from 11 Jul. 1996 to 25 Jul. 1996 . This period included most of the elongation of internodes 10 to 12 and the early elongation of internodes 13 to 16.
In expt 1B, ten plants with six emerged leaves were marked on the same day as in expt 1A. Measurements began immediately, and covered the whole period of stem elongation, from 7 Jun. 1996 to 6 Aug. 1996. Every 2 to 3 d, the number of visible leaf tips and visible collars of the marked plants were counted and the distances between all elevating collars were measured. At the end of the experiments plants were dissected so that the ®nal lengths of sheaths and internodes could be measured.
In expt 2, samples of ten plants were harvested at discrete time intervals, corresponding to the emergence of collars 7 to 16. Each sample consisted of plants with the same number of visible collars. Plants were dissected and the lengths of all internodes longer than 1 mm were measured with a ruler.
In expt 3, six to ten plants were harvested at regular time intervals to study the appearance of the collar of each phytomer. Plants were dissected, and the relative positions of collars, the position where they became visible, and the length of the internodes, were measured.
Morphology of phytomers and the emergence of sheaths
In this work, special attention was paid to the emergence of the sheaths, which could act as a possible trigger for the transition from sheath to internode elongation. Thus, some morphological details characteristic of sheath emergence are presented here. Phytomers were numbered from the base to the top, starting with the phytomer bearing the ®rst leaf above the coleoptile. The leaf blade is joined to the sheath by a tissue, visibly distinct from the blade and the sheath, whose abaxial surface is referred to as the collar (Gould, 1968; Figs 1,2) ; the ligule is attached to the adaxial surface. Each phytomer develops within a cylinder formed by the rolled leaf of the preceding phytomer. The blade unrolls progressively, while the sheath remains rolled, forming the sheath tube. Along the upper margin of this tube, the ligule isolates the younger phytomer from external conditions (Fig. 1A) . Generally, the upper margin of the tube is oblique, the topmost point corresponding to the junction with the midrib of the leaf blade (Fig. 1A) . The emergence of an organ from this tube will be distinguished from its`appearance', which denotes the moment when the new organ can be seen without manipulating the leaves. Moreover, the observations in expt 3 showed that for phytomers 10 and higher, the young emerged collar is hidden within rolled leaf blades, so that, for these phytomers, the appearance of the collar is signi®cantly delayed after its emergence.
The collar is the ®rst part of the sheath of the youngest leaf to emerge from the enclosing sheath tube. Generally, as phyllotaxy is opposite, the collar emerges at the level of the lowest point of the ligule of the enclosing sheath, through a short V-shaped opening (Fig. 1B) . Exceptions are the ®rst phytomers and the last. For the ®rst phytomers, the sheath tube does not form a complete cylinder; instead it presents a large V-shaped opening, due to diameter growth of the stem. For these phytomers, the collar of the young sheath emerges below the level of the ligule of the enclosing sheath. The last collar (collar n t ) reaches the top of the encircling sheath (sheath n t±1 ) shortly before the collar of that sheath emerges. In this case, the emergence of collar n f actually relates to sheath tube n tÀ2 . Finally, the dierence in height between two successive collars at the time of collar emergence and at the time of collar appearance was estimated from the morphological notations in expt 3 (Table 1 ). This approach was used to estimate accurately the time of collar emergence and appearance using the measurements of sheath and internode length in the other experiments.
Temperature measurements
Air temperature (screen height 2 m) was recorded hourly at a meteorological station 500 m from the ®eld. However, it is known that the growing zone is strongly aected by soil temperature during early plant development (Cellier et al., 1993) ; these authors recorded soil surface temperatures which were up to 108C higher than screen air temperatures during the day. Consequently, in expt 1B, which included early development, organ temperature was monitored on one plant, using four small copper-constantan thermocouples. As about four internodes can elongate simultaneously (Morrison et al., 1994) , internode meristems can be situated at dierent heights and may thus be exposed to dierent temperatures. Thermocouples were placed either in the soil at a depth of 3 cm, or inserted between the sheath and internode, and their positions were adjusted every 2 to 3 d, so as to sample the whole region of stem elongation. In this paper, the expressions`apical temperature' and`internode meristem temperature' refer to temperatures measured in this way at the level of the apex or the internode meristems, although the thermocouples were not actually inserted into the meristematic regions. Measurements were made every 30 s and averaged over periods of 30 min. Each hour, temperature pro®les along the stem were calculated using linear interpolation between measurement at dierent heights. The actual positions of internode meristems were calculated a posteriori from the measurements of internode lengths. The time course of temperature was then estimated for all meristems as a function of their height.
X-ray measurements
In expt 1A, 40 Â 10 cm X-ray negative ®lm (Agfa Structurix) was attached to the plant in the region of the growing zone of the stem. On each plant, one node was tagged with leaded letters, to be used as a reference for numbering phytomers on the photographs. The ®lm was exposed using a portable X-ray source (Andrex radiation products, BW 85, Copenhagen, Denmark) for 2 min. The tension applied to the source was 30 kV and the electric current intensity was 8 mA. The source was 75 cm from the plant, and at the same height as the centre of the ®lm.
After development of the ®lms, internodes appeared grey, and nodes, containing more water, white. Individual internodes could be identi®ed when they were more than 2 or 3 mm long: the white region was then about 1 mm wide and the distance between the middle of the two white lines was taken as the internode length. As the internodes elongated, the white band widened and a black line appeared in the middle, making measurement easier. Thus, the length of an internode was taken as the distance between the centre of two successive nodes. In most cases, the stem extensionzone was longer than the ®lm, so that the lowest (oldest) elongating internode was not included. For this reason, the end of internode elongation in expt 1A was monitored using measurements of collar elevation, as in expt 1B. Both methods can be used simultaneously over a long period of internode elongation, and there is no bias between them.
Internode elongation from displacements of collars
Collar heights were measured with a ruler. The position of a collar was taken at the highest point of the collar, that is the junction with the blade midrib (Figs 1, 2) . This is also the point at which the collar can ®rst be distinguished from leaf and blade tissue in the developing leaf. The heights of elevating collars were measured using, as a baseline, the highest collar which had completed its elevation. A collar was considered to have stopped elongating when it had been measured at the same height on three consecutive occasions. The dierence in height of two successive collars, h n,nÀ1 , was calculated from these measurements; h n,nÀ1 is related to the length of internode n, and to the lengths of sheaths n and nÀ1 by (Fig. 2): h nYnÀ1 1 n s n À s nÀ1 1 where l and s denote, respectively, the length of an internode and a sheath, and subscript n indicates the phytomer number.
At the time that collar n becomes visible (beginning of the measurements), sheath nÀ1 is fully elongated (Hesketh et al., 1988; Thonat, 1997) , but sheath n is not. Thus, in the ®rst period, during the elongation of sheath n, the displacement of the collar represents the elongation of both the internode and the attached sheath. During the second period, after the elongation of sheath n is complete, the , were calculated using data from expts 1A and 3, where h n,nÀ1 and l n were measured simultaneously. This method involves plotting h n,nÀ1 as a function of l n to ®nd the point at which the slope becomes unity (Fig. 3) . The x-coordinates of these points are the values of h s n,nÀ1 . These values were used to estimate precisely the time of the end of sheath extension in expt 1B.
Analysis of elongation curves
The analysis of internode elongation was performed using degree-day time scales calculated individually for each internode, according to the temperature of internode meristems. When plant development was considered (succession of elongations), thermal time was calculated using the temperature of the apex. The base temperature used was 9 . 88C, as in a study of leaf elongation on the same genotype (Ben Haj Salah and Tardieu, 1996) .
The comparison of the pattern of elongation for internodes of dierent phytomers, or for the same phytomer in dierent plants which are not perfectly synchronous in development, requires appropriate systems of thermal time reference to be de®ned. The regression line that ®ts internode length during the linear period was used to de®ne such systems (Fig. 4) . Before the linear period, degree-days were counted from x 1 , the x-coordinate of the intersection between the x-axis and the regression line. Symmetrically, after the linear period, the reference was x 2 , the x-coordinate of the intersection between the regression line and the upper asymptote of the sigmoõÈ dal curve.
RESULTS

Temperature and elongation of internodes
As expected, during the early period of development, the temperature of the apical region diered from that of the air at screen height. Before stem elongation, the temperature of the apical region was equal to that of the soil at 3 cm, which was on average 2 . 78C higher than the air temperature at screen height. After the beginning of stem elongation, the temperature of the apical region departed from soil temperature, and was close to the temperature of the air surrounding the stem, which diers from screen air temperature at 2 m (Guilioni et al., 2000) . The two air temperatures converged when the apex was 25 cm above the soil.
The temperature dierences between the apical region and internode meristems were very small. Over the internode elongation period, the accumulated degree-days calculated using apical temperature and the temperature of internode meristems diered by less than 1 % in most cases. Signi®cant dierences were found only for internodes 7 and 8 (3 and 7 %, respectively). Apical temperature was therefore used for the entire series of internodes, except for the two phytomers mentioned above, for which the temperatures of the meristems were used.
General patterns of internode elongation
Final plant height was 220 cm, and the pro®le of internode lengths was similar to that measured by other authors for a genotype with 16 or 17 leaves and a peak in internode length at internode 9 (Fig. 5) . Figure 6A summarizes the data obtained from the X-ray experiment. Each curve represents the thermal time course for the length of the internode of a given phytomer, reconstructed from measurements of ten plants. Because the thermal time origin could not be ascertained accurately on each individual plant, data from individual plants were translated along the x-axis to . 3 . Relationship between the dierence in height of two successive collars h n,nÀ1 and the length of the internode n. Initially, sheath and internode elongate together, and the rate of collar elevation is greater than the rate of internode elongation. After the end of sheath elongation, the rates are equal and the points became aligned with a slope of 1 : 1. The point of in¯exion indicates the distance between collars and the internode length at the time when sheath elongation stops. Data are for n 10, in expt 3; each point corresponds to a single measurement on one plant. compensate for dierences between plants. There were also plant-to-plant dierences in internode length for the same phytomer, and the data corresponding to elongation after the linear period were further translated, to prolong the linear period of the longest internode. Thermal time courses of internode length were sigmoõÈ dal, with a period of increasing elongation rate, a period of constant elongation rate followed by a period during which the rate fell to zero. The method based on collar displacement could be applied to monitor the period of linear elongation and the subsequent period, once the sheath had ended its elongation. Figure 6B presents thermal time courses of the distance between collars in expt 1B. Data from ten individual plants were combined as explained above. Figure 6B shows that the distance between two successive collars increased at a constant rate. The continuity in the thermal time course of collar elevation was further analysed by examining the thermal time course of elongation rates. Figure 7 presents the thermal time course of the rate of elongation of sheath and internode ( from expts 1A and 2) and the thermal time course of the elongation rate of internodes in expt 1A. The ®gure shows that, from collar appearance onwards, the rate of elongation of sheath and internode remained remarkably constant and equal to the elongation rate of the internode alone during its linear elongation. This demonstrates that:
(1) during the period of elongation of sheath and internode, the rate of elongation of the sheath was decreasing, balancing the acceleration in internode elongation; and (2) that the period of linear internode elongation started exactly at the end of sheath elongation. The period of slower elongation could be studied only from the X-ray measurements in expt 1A, whereas the periods of constant and decreasing rate were analysed using data from expts 1A and B. During the period of slower elongation, the thermal time course of internode length was found to be approximately exponential (see below) such that the relative elongation rate (R) could be calculated from successive measurements of length by:
where l i is the length of the internode at the date d i . Using x 1 as a thermal time origin, the thermal time course of the relative elongation rate, R, followed the same pattern for all phytomers studied (Fig. 8A) . Before x 1 , calculated values were scattered, because length increment was small compared with measurement errors. However, there was no signi®cant trend or signi®cant variation between phytomers. Shortly before x 1 , R showed a signi®cant increase up to a peak rate that actually coincided with the beginning of the period of linear elongation (Fig. 8B) . The existence of a period of purely exponential extension is demonstrated by plotting the logarithm of internode length vs. thermal time (Fig. 8C) . All the phytomers grew at the same relative FIG. 6. Thermal time courses of internode lengths, l n , during experiment 1A (A), and distances between collars, h n,nÀ1 , during experiment 1B (B). For internode length, data are for n 9 to 15, as indicated by numbers; for distance between collars, data are for n 6 to 17 and numbers are given for even phytomers only. Negative values in B indicate that collars appeared below the level of the collar of the enclosing sheath. The dotted line in B indicates the distance between collars at the end of sheath elongation, estimated as shown in Fig. 3 . Each curve shows data from ten plants. See text for a description of the procedure to compensate for plant-to-plant dierences.
elongation rate until shortly before x 1 . There was then a signi®cant departure from the exponential extension. Finally, these data demonstrated the existence of two phases before the linear period: phase I during which elongation occurred at an exponential rate, and phase II, delimited by the end of phase I and the onset of the linear elongation. The duration of phase II, for the range of phytomers considered in expt 1A, was 258Cd. The period of linear elongation is identi®ed as phase III or the linear phase, and the period of reducing rate is identi®ed as phase IV. Two events were closely associated with the transition between phases (Fig. 8) : ®rst, as expected, the end of sheath elongation occurred at a very similar time to the beginning of the linear phase, indicating that there is a continuity in the functioning of the growing zone, from the production of sheath to the production of internode material. Second, the end of the exponential phase closely matched the thermal time of emergence of the collar of the sheath of the same phytomer. This suggests that collar emergence may trigger the transition from sheath production to internode production.
The progress of internode elongation after the linear phase was investigated using x 2 as a thermal time origin. To compare phytomers, the thermal time course of instantaneous rates of elongation, expressed as a decimal fraction of the linear phase rate, was plotted (Fig. 9) . The decrease in these normalized elongation rates followed a remarkably similar pattern for all phytomers. The end of the linear phase always occurred about 108Cd before x 2 , and the duration of phase IV was about 408Cd for all internodes. The thermal time of the end of the linear phase could not be related to any particular event at the phytomer level. For phytomers 10 to 14, it was close to the time when the internode emerged from the enclosing sheath, but this synchrony was not con®rmed for phytomers 6 to 9, nor for phytomers 15 to 17.
DISCUSSION
These experimental data indicate that collar emergence acted as an external trigger causing quantitative change in internode elongation, and that the transition to the linear phase was a sharp change, as shown in Fig. 3 . To model these eects, the inclusion of four distinct phases was preferred to ®tting a sigmoõÈ dal function (as in Fig. 4 ).
Phase I (exponential phase)
Regression analysis of the thermal time courses of internode length, expressed as natural logarithms, con®rmed that the ®rst phase was exponential. Out of a total of 52 regressions, the determination coecient (r 2 , square of correlation coecient) was between 0 . 98 and 0 . 99, and the root mean square error was 0 . 07 cm, which is of the same magnitude as the error in the measurements. A model for the ®rst phase is, therefore:
where l n is the length of internode n; d, is thermal time; R n , is relative elongation rate of internode n (8C À1 d À1 ); d o,n is the thermal time of the beginning of the phase; and l 0 is the corresponding value of the internode length.
Values of R n , calculated individually for each internode, did not dier signi®cantly among the phytomers studied (ranging from number 11 to 16). The mean value, R (R 0 . 023 + 0 . 00118C À1 d
À1
) therefore represents the relative elongation rate of an entity corresponding to the apical region of the stem, and comprising all the internodes in phase I. This implies that, as long as two internodes are in phase I, the ratio of their lengths remains constant. This property was also veri®ed for phytomers 8 to 13 using data from expt 3 (not shown).
The measurements began when internodes were a few millimetres long, signi®cantly after the initiation of internodes. However, the exponential model [eqn (3)] was extrapolated to investigate whether it could be applied from the initiation of the phytomer onwards. The parameter d 0,n was de®ned as the thermal time at which the internode was a single layer of cells, i.e. l 0 20 mm (Martin, 1988) . Values of the parameter d 0,n were estimated independently from the data of expts 1A, 2 and 3. For expt 1A, estimates were made using eqn (3), ®tted individually for each phytomer. For expts 2 and 3, for which destructive measurements only were performed, eqn (2) was used to calculate the delay between the initiation of two internodes:
4 Figure 10 shows that the estimated timing of internode initiation was very similar for the three experiments. To compare this with leaf initiation, the delay between leaf primordium and internode initiation was estimated for the last phytomer, and then the rate of initiation for leaf primordia and for internodes was compared. The initiation of the last leaf primordium was estimated from the equation of Lejeune and Bernier (1996) :
where L s is a decimal scoring of the number of visible leaves, and N p the number of primordia initiated. The calculated thermal time for initiation of the last internode indicated a delay of 88Cd after leaf primordium initiation. Sharman (1942) observed a delay of three plastochrons between the initiation of a leaf primordium and the time at which an internode comprised two to three cell layers. The present calculations give a similar estimate (2 . 7 plastochrons for a three cell layer internode), given the measured relative elongation rate R. The progress of leaf primordium initiation measured by Thiagarajah and Hunt (1982) for a genotype with 15 phytomers is shown in Fig. 10 . Because of the lack of a well-de®ned time origin, their curve was translated so that the initiation of the sixth leaf primordium matched the estimate for the initiation of internode 6. Thus, the rates, but not the absolute positions of the curve can be compared. It is striking that the rate of internode initiation calculated here exactly matches that measured by Thiagarajah and Hunt (1982) for leaf primordia. The rate is nearly constant during the initiation of phytomers 6±11, and then increases. Because of the diculties involved in measuring the rate of primordium initiation accurately, most authors use a Other points are from estimations of the delay between initiations using the ratios between the lengths of internodes: (r) expt 1B; (,) expt 2; (s) expt 3. The vertical line indicates the time of initiation of the last primordium, estimated using the equation of Lejeune and Bernier (1996) . The dashed curve shows the rate of primordium initiation measured by Thiagarajah and Hunt (1982) , on a genotype with 15 phytomers. The curve was translated horizontally so that the initiation of the sixth leaf primordium matched the estimate for the initiation of internode 6.
linear approximation. The mean rate of initiation of internodes for phytomers 6 to 16, calculated from data presented in Fig. 10 , is 0 . 044 + 0 . 00248C À1 d À1 . This is equal to the rate of initiation of leaf primordia (0 . 0448C À1 d À1 ) measured by Thonat (1997) for the same cultivar and the same range of phytomers. Kiniry and Bonhomme (1991) proposed a rate of primordia initiation of 0 . 0478C À1 d À1 for`DeÂ a', i.e. a value 10 % higher, but their work was based on measurements of air temperature at 2 m and they used a base temperature of 88C.
These results support the idea that an internode enters the exponential phase of elongation about half a plastochron after the initiation of the corresponding leaf primordium. Moreover, the estimates from three independent experiments are very similar, suggesting that the rates of leaf and internode initiation are quite stable for a given cultivar, and that measurement of the length of internodes early in their development provides a robust and convenient way to estimate them.
The synchrony of sheath emergence and the end of the exponential phase shown in Fig. 8 for phytomers 11 to 15 suggests that the emergence of the sheath may act as a trigger. To verify this synchrony on a wider range of phytomers (7 to 13), the lengths of internodes at collar emergence (l n c ) calculated from expt 3 (see Fig. 13 ) were compared with the length of internodes at the end of the exponential phase (l n e ), calculated from data of expts 2 and 3. Estimates of l n e were made from plots of l n vs. l nÀ2 . As long as internodes n and nÀ2 were growing exponentially, there was a linear relation between l n and l nÀ2 ; the end of the exponential phase of internode n thus appears as a breakpoint on the plots. The use of l nÀ2 rather than l nÀ1 was to ensure that the younger internode was in the exponential phase for a signi®cant time after internode n. The results shown in Fig. 11 con®rm that the end of exponential elongation was close to the emergence of the collar for all phytomers tested. However, since the variation of l n e among phytomers was relatively narrow, typically from 1 . 8 to 3 cm, such synchrony should be evaluated using a wider range of genotypes or growth conditions.
Phase II
As discussed above, the beginning of phase II for phytomers 7 to 13 occurred close to the emergence of the collar, and the phase appeared to correspond to a transfer of extension from sheath to internode, without any change in the level of meristematic activity. Due to the short duration of this phase, the kinetics of elongation within the phase could not be studied here. An analysis of the whole pattern of sheath elongation is probably required to reveal the kinetics of internode elongation during this phase. The duration of the phase varied among phytomers ( from 11 to 318Cd). For phytomers 7 to 15, the length of the internode at the end of the phase was quite stable (4 . 5 + 0 . 71 cm). No data were available for phytomers 6, 16 and 17. As x 1 was close to the beginning of phase II, the thermal time for the end of phase II can be approximated as:
where d s n and d e n are, respectively, the thermal time of the end of phase II and of collar emergence, and v n is the rate of linear elongation.
Phase III (linear phase)
The beginning of the linear phase corresponded to the time that sheath elongation ended, but the end of this phase could not be related to a particular event at the level of the phytomer. As most of the internode length is formed during the linear phase, ®nal internode length depends mainly on the rate and duration of this phase. The elongation rate, v n , for individual internodes was determined by regression of the dierence in height between collars against thermal time. The elongation of sheath plus internode was found to occur at a rate identical to that of the internode alone during the linear phase (Fig. 7) . Thus, estimation of the linear elongation rate of the internode using the dierence in height between collars did not require a separation of phase II and phase III. The linear regressions gave excellent ®ts, with coecients of determination above 0 . 97 for 107 out of 112 internodes. The durations, D n , were estimated as the dierences between the time of transition to phase IV (see below) and the time when h n,nÀ1 equals h s n,nÀ1 (end of sheath elongation).
Both rate and duration of elongation varied with phytomer number (Fig. 12) . D n was almost constant for phytomers 6 to 10 and then increased with leaf insertion. For phytomers 6 to 10, the variation in ®nal length (Fig. 5 ) thus followed the variation in the rate of elongation. For higher phytomers, the ®nal length decreased, but in a less pronounced way than the elongation rate, due to the increase in D n .
In contrast, the variation in ®nal internode length with phytomer number was found to follow quite closely variation in the length of internodes at collar emergence (Fig. 13 ). This may have been fortuitous; alternatively, it may mean that the ®nal length of an internode was, to a signi®cant degree, determined by the duration of the exponential phase. The fact that linear elongation occurred at the same rate as that of sheath and internode in phase III is also consistent with the idea that the capacity of the internode to elongate may be acquired in the very early stages of its development. Finally, the progress of the linear phase, and the resulting variation in the duration and rate, might be determined before the beginning of the phase itself, and dependent on sheath development. Con®rmation of this suggestion is required under a wider range of conditions. Phase IV (end of elongation)
As shown in the analysis of the general pattern of elongation, the end of elongation was a phase of decreasing rate with an almost constant duration among leaf insertions. A model of exponential decrease was ®tted to data grouped by phytomer number:
where the subscript n indicates the phytomer number; l and L are the current and ®nal lengths of internode n, respectively; k and K are two parameters; d is the current thermal time; and d t the thermal time at the end of the linear phase. To ensure continuity at d t , the following relationships are required:
Thus the model only has k as a free parameter. The inverse of k represents the delay between x 2 and the beginning of the phase of decreasing rate. In a ®rst step, k was adjusted independently for each phytomer (6 to 16). The range of variation between phytomers was moderate, typically between 0 . 088C
Finally the whole dataset was ®tted by considering a single value of k, independent of the phytomer (k 0 . 098C À1 d À1 ). This allowed an excellent ®t of the elongation of all internodes during the phase of decreasing rate (r 2 0 . 99, root mean square error 0 . 35 cm). That is, the internode length acquired during phase IV, K, was proportional to the linear elongation rate, and the constant of proportionality was similar for all phytomers.
Succession of elongation between phytomers
The transitions between phases at the plant level are summarized in Fig. 14 . Thermal times for the end of phase III were calculated from estimates of x 2 and k. Thermal times for the end of phase IV were estimated as x 2 208Cd, according to data in Fig. 9 . The thermal times of initiation of internodes are those presented in Fig. 10 . The thermal times for the beginning of phase II and for the beginning of phase III were estimated as the thermal times when the distance between collars was equal to h e n,nÀ1 and h s n,nÀ1 , respectively. Except for phytomers 6 and 7, there was very little variation in the duration of phase I (309 + 108Cd), and, for all phytomers, in the duration from initiation to the beginning of phase III (324 + 88Cd). This leads to a simple calendar of internode development. However, these small variations in timing may have important consequences for ®nal length, as discussed above (Fig. 13) . For phytomer 6, the estimated duration of phase II (using time of collar emergence) was much greater than for other phytomers. This may re¯ect the fact that the synchrony of collar emergence and the end of the exponential phase does not exist for this phytomer. However, as this phytomer was not monitored in the X-ray experiment, there is no direct estimate of the duration.
Kinetics of elongation
The four phases identi®ed from the kinetics of the internode elongation seem to correlate, at the internode level, with the four phases previously described from observations of the internode meristem by Sachs (1965) , Martin (1988) and Morrison et al. (1994) . Phase I (exponential growth) corresponds to cellular multiplication; phase II to the establishment of the elongation region at the base of the internode; phase III to the stationary production of mature cells, and phase IV to the progressive regression of the meristem. Following this interpretation, the transition between phase I and phase II corresponds to the production of the ®rst mature cells, when the internode meristem becomes an intercalary one (Sachs, 1965; Martin, 1988) . There is a strong parallel with the kinetics of the elongation of the grass leaf (Williams, 1975; Malvoisin, 1984; Skinner and Nelson, 1995) : for leaves, the two ®rst phases are exponential. This may also be the case for the internode, since the kinetics during phase II could not be characterized accurately here due to the short duration of this phase. Moreover, both for leaves (Williams, 1975; Malvoisin, 1984) and internodes (Sharman, 1942) , the sharp increase in relative elongation rate, which is characteristic of the transition between phases I and II, also corresponds to the beginning of the vascularization of the organ.
Organ emergence as environmental trigger
The transition between phases I and II, which corresponds to the establishment of the independence of the internode meristem as an intercalary meristem, occurred very close to the thermal time of the emergence of the leaf collar (i.e. the top of the sheath) for that phytomer. The idea that the leaf sheath or leaf collar plays a special role in internode development may be related to the observation that intercalary expansion occurs in monocotyledons only for species with leaf sheaths (Fisher and French, 1976) . The transition between phase I and phase II is also a transfer of meristematic activity from the sheath to the internode, which mimics the coordination between the coleoptile and the ®rst leaves. Parvez et al. (1998) showed that the exposure of maize seedlings to light simultaneously inhibited elongation of the coleoptile and stimulated elongation of the ®rst leaf, in association with a change in sugar distribution. Williams (1975) interpreted the increase in the relative elongation rate of the leaf primordium after phase I as due to release of the mechanical constraints exerted by older leaves on the primordium. However such an interpretation seems hardly applicable to internodes. Moreover, his work showed that the transition occurred shortly before tip appearance. Similarly Malvoisin (1984) found a synchrony between the increase in the relative elongation rate of leaf n and the appearance of the tip of leaf nÀ1. Thus it seems that the role of the leaf tip in triggering the change of phase for leaf elongation may parallel the role of the collar in triggering the phase changes in internode elongation.
The hypothesis of a trigger linked to collar emergence raises the question of the nature of the associated signal. The coordination between leaf tip appearance and the change in leaf elongation could be interpreted as a signal transmitted from leaf nÀ1 to leaf n, or more simply as a leaf perceiving signals before the appearance of its tip. The tip of the coleoptile is able to release auxin when exposed to blue light (Campbell, 1995) , and the continuous changes in light quantity and quality which occur around the leaf tip as it proceeds through the whorl may be detected by very sensitive phytochrome systems (BallareÂ , 1999) . There is no evidence from the present study that the signal for the change is exposure to light. For the latest-formed phytomers, there is a signi®cant delay between collar appearance and collar emergence, and it was clear that emergence was more closely synchronized with the end of phase I than was appearance. In the case of the upper internodes, emergence does not change the quantity of plant material around the sheath, because the blade of the older leaf, rather than the sheath, surrounds the young sheath. This could be associated with a change of light quality, or a trigger related to exposure of the young sheath to the free atmosphere.
The transition from phase I to phase II may be of importance in organizing the whole course of internode elongation. Internode length at collar emergence was found to be strikingly correlated with ®nal length. Martin (1988) found that the longest meristems produced the longest internodes, and that dierences between internode lengths were mainly due to a greater number of cells. This supports the idea that the ®nal length is at least partly determined during the establishment of the elongation zone. The dependence of the ®nal length of an internode on the time of collar emergence may thus indicate that the length of the sheath tube indirectly controls that of the internode. That the behaviour of the internode is similar to that reported for the coleoptile and leaves suggests that sensing environmental signals at organ emergence may be a general way by which plants coordinate the extension of organs. This may enable plants to ensure stable patterns in the relative size of organs, whereas their absolute size can vary greatly with environmental conditions. More work is needed to understand the nature and the pathway of these triggers.
